InNb 1−x P x O 4 :Eu 3+ red phosphors were synthesized by solid-state reaction and their luminescence properties were also studied through photoluminescence spectra. The excitation and emission spectra make it clear that the as-prepared phosphors can be effectively excited by near-ultraviolet (UV) 394 nm light and blue 466 nm light to emit strong red light located at 612 nm, due to the Eu 3+ transition of 5 D 0 → 7 F 2 . The luminescence intensity is dependent on phosphorus content, and it achieves the maximum at x = 0.4. Excessive phosphorus in the phosphors can result in reduction of luminescence intensity owing to concentration quenching. With the increasing content of phosphorus, the phosphors are prone to emit pure red light. This shows that the InNb 1.6 P 0.4 O 4 :0.04Eu 3+ phosphor may be a potential candidate as a red component for white light emitting-diodes.
Introduction
White light emitting diodes (LEDs) have attracted a lot of attention for their long life, low energy consumption, high luminescence efficiency and environmental friendliness [1] [2] [3] . At present, the commercial white LEDs are mainly produced by the blue LED chips coated with yellow-emitting phosphors (YAG:Ce 3+ ) [4] . However, there are at least two disadvantages in this kind of white LEDs, such as poor color rendering index (CRI < 80) and high correlated color temperature (CCT > 4500 K), due to the shortage of red-emitting component. The conventional solution is adding a red-emitting phosphor to the unit of the white LEDs. In this approach, most red phosphors, for example Y 2 O 2 S:Eu 3+ , CaS:Eu 2+ and SrS:Eu 2+ , are based on sulfides which are chemically unstable and inefficient [5, 6] . Therefore, exploring novel red phosphors to overcome the above disadvantages is very necessary. * E-mail: tangan527@126.com As a kind of good luminescence material, niobates are widely used. On one hand, NbO 3− 4 ions can be self-activated due to charge transfer of Nb-O, and on the other hand, many activator and sensitizer ions can be doped into the host of niobates. Thus, niobates are regarded as ideal host materials for luminescence. These materials are applied in the field of X-rays [7, 8] , and recently they have been reported to be used as ultraviolet luminescent materials [9, 10] . Currently, with the development of LED technology, people have been interested in niobates used in the area of LEDs due to their chemical stability and simple process of synthesis. In this work, a series of phosphors InNb 1−x P x O 4 :Eu 3+ were prepared and their luminescence properties were also investigated.
Experimental
The powder samples with the composition of InNb 1−x P x O 4 :Eu 3+ were synthesized by the conventional solid-state reaction. (99.99 %) were thoroughly mixed in an agate mortar. The mixtures were pre-calcined at 600°C for 4 h in air, and re-calcined at 1255°C for 6 h. The final samples were cooled down to room temperature in the furnace.
The crystal structure was identified by X-ray diffraction (XRD, D/MAX-2500PC) with CuKα radiation at 40 kV and 150 mA. The photoluminescence (PL) properties were measured by an RF-5301 molecular fluorescence spectrometer equipped with a xenon lamp as an excitation source, and the slit width for excitation and emission was 3 nm. All the measurements were carried out at room temperature. 3. Results and discussion 3.1. Structural characterization Fig. 1 shows the XRD pattern of InNb 0.9 P 0.1 O 4 :Eu 3+ sample. From the X-ray diffraction pattern, it is observed that all the diffraction peaks can be indexed well to the monoclinic phase of InNbO 4 structure (JCPDS No. 33-0619). This clearly indicates that the synthesis of InNb 0.9 P 0.1 O 4 :Eu 3+ phosphor has been completed and no second phase appeared. The results suggest that the little amount of doped phosphonium ions and rare-earth ions have nearly no effect on the InNbO 4 phase structure.
Luminescence properties of phosphor
The excitation spectra of the InNbO 4 :0.04Eu 3+ and InNb 1.6 P 0.4 O 4 :0.04Eu 3+ are shown in Fig. 2 . In the spectra, the two strongest excitation peaks at 394 nm and 466 nm can be attributed to the 7 F 0 → 5 L 6 and 7 F 0 → 5 D 2 transitions of Eu 3+ , respectively [11] . It implies that the phosphors can be effectively excited by radiations of near-UV and blue lights which match with the chips of white LEDs. Compared with the InNbO 4 :0.04Eu 3+ excitation spectrum, the peak position of the InNb 1.6 P 0.4 O 4 :0.04Eu 3+ has not changed, but it has a stronger intensity. That is to say, InNb 1.6 P 0.4 O 4 :0.04Eu 3+ can absorb more excitation energy and be used as luminescence material for white LEDs. There are two strong emission peaks in the spectra. One is the Eu 3+ transition of 5 D 0 → 7 F 2 at 612 nm and the other is Eu 3+ transition of 5 D 0 → 7 F 1 at 590 nm [12] , but the former transition is much stronger than the latter one. It is believed that most Eu 3+ ions are located within an asymmetric cation environment and the electric dipole transition 5 D 0 → 7 F 2 is dominant in the host lattice [13] . phosphor due to 5 D 0 → 7 F 2 transition for Eu 3+ as a function of phosphorus content is exhibited in Fig. 4 . It can be seen that the relative emission intensity is the highest when the value of x is about 0.4. If the content of phosphorus is larger than this value, the emission intensity of f-f transition for Eu 3+ is obviously decreased as a result of concentration quenching, which is probably owing to higher number of new defects [14] . According to the theory of 4f transition of rare-earth ions, the Eu 3+ electric dipole transition of 5 D 0 → 7 F 2 is sensitive to coordination environment, while the 5 D 0 → 7 F 1 only manifests magnetic dipole transition which is insensitive to the site symmetry [15] . Thus, the ratio of spectral line intensity between the 5 D 0 → 7 F 2 and 5 D 0 → 7 F 1 transitions, which is defined as I 0−2 /I 0−1 (R/O), can be used to analyze the symmetry information. Fig. 5 shows the R/O value variation for Eu 3+ in the matrix InNb 1−x P x O 4 with different phosphorus additions. With the increasing of the phosphorus content, R/O value becomes larger gradually due to the reinforcement of covalence and polarizability in the host doped with P element. This means that crystal environment around Eu 3+ will be distorted upon the addition of P element, and the R/O value will increase, which is profitable in getting pure red light. 
Conclusions
A novel series of red-emitting phosphors InNb 1−x P x O 4 :Eu 3+ (x = 0.2, 0.4, 0.6, 0.8) were successfully prepared by the conventional solidstate reaction at 1255°C. The excitation spectra show that the phosphors can be effectively excited by near-UV light at 394 nm and blue light at 466 nm. The emission spectra indicate that the assynthesized phosphors can emit red light at 612 nm when exited by near-UV or blue light. The R/O value increases with increasing the phosphorus content, and the luminescence intensity reaches the maximum when x value is 0.4. Thus, the investigation shows that InNb 1.6 P 0.4 O 4 :Eu 3+ is an ideal red phosphor for near-UV and blue chip-based white LEDs.
